We studied the reactions of humus layer (F/H) microbial respiratory activity, microbial biomass C, and the fungal biomass, measured as the soil ergosterol content, to the application of three levels of wood ash (i000, 2500, and 5000 kg ha-t) and to fire treatment in a Scots pine (Pinus sylvestris L.) stand. Physicochemical measurements (pH, organic matter content, extractable and total C content, NH~-and total N content, cation-exchange capacity, base saturation) showed similarity between the fire-treated plots and those treated with the lowest dose of wood ash (1000 kg ha-l). The ash application did not change the level of microbial biomass C or fungal ergosterol when compared to the control, being around 7500 and 350 gg g-1 organic matter for the biomass C and ergosterol, respectively 9 The fire treatment lowered the values of both biomass measurements to about half that of the control values 9 The fire treatment caused a sevenfold fall in the respiration rate of fieldmoist soil to 1.8 ~tl h-1 g-~ organic matter compared to the values of the control or ash treatments. However, in the same soils adjusted to a water-holding capacity of 60%, the differences between the fire treatment and the control were diminished, and the ash-fertilized plots were characterized by a higher respiration rate compared to the control plots. The glucose-induced respiration reacted in the same way as the water-adjusted soil respiration. The metabolic quotient, qCO2, gradually increased from the control level with increasing applications of ash, reaching a maximum in the fire treatment. Nitrification was not observed in the treatment plots.
Introduction
Microbes are essential for maintaining soil fertility and plant growth because they play a fundamental role in nutrient availability. Atmospheric acidic deposition is known to affect soil fertility and in many countries liming has been used to counteract anthropogenic soil acidification in coniferous forest soils. Other measures used to improve the acid neutralization capacity of forest soils are wood-ash fertilization and prescribed burning. In both cases ash is deposited on the forest floor, resulting in a pH rise in the humus layer. In coniferous forest humus, prescribed burning has been reported to decrease microbial biomass and activity, a response that persists for at least 5 years (Pietikfiinen and Fritze 1993; . The influence of burning on the soil microbial biomass depends not only on heat but also on clearcutting before burning and ash deposition. The individual or combined effects of these factors on the reaction of the forest soil microbial biomass and its activity have not been identified.
In this study we report reactions by humus layer microbial biomass C and the fungal biomass, estimated from the soil ergosterol content, to wood-ash fertilization and fire treatment within an unfelled Scots pine (Pinus sylvestris L.) stand. The experimental design allowed a direct comparison of the effects induced by wood-ash fertilization and by the ash accumulated from burning. To measure the microbial activity, basal respiration, glucoseinduced respiration, and metabolic quotients of the humus layer were analyzed. The nitrification potential of the humus layers was also determined.
Materials and methods
Site description, experimental design and soil sampling
The experiment was established in 1990 in a i00-year-old Scots pine (Pinus sylvestris L., on a dry Vaccinium sp. type site) stand in Central Finland (62 ~ 02'N 24 ~ 50'E; 130 m above mean sea level). The general tree stand characteristics, stem number, mean height, and stem volume, were 330 stems ha -1, 21 m, and 180 m 3 ha -1, respectively. The experimental stand was growing on a podzolized sandy soil with a 3-cm thick humus layer.
The experiment was laid out in a random block design, with five treatments in four blocks. The treatments within each block were performed on 30 • 30 m plots with a control, three levels of woodash fertilization (1000, 2500, and 5000 kg ha -z) and a fire treatment. The ash contained 33.7%, Ca 2.1% Mg, 3.5% K, and 1.4~ P, and was applied to the appropriate plots on 21 and 22 May 1990. The fire treatment mimicked prescribed burning and was prepared as follows. From an adjacent clearcut area, logging residues of Scots pine and Norway spruce (Picea abies) were transported to the plots (3000 kg per plot, equalling 19 t ha -1 dry matter) and burnt on 14 May 1990. All the trees on the experimental area were left standing. On t June 1992, one bulk sample, consisting of 12 separate samples (soil core diameter 7.2 cm), was taken from the entire humus horizon (F/H layer) of each plot, and analysed separately.
Analysis

Soil
The bulk soil samples were immediately sieved to pass through a 4-ram mesh and stored at 4 ~ Subsamples of the field-moist humus were heated at 105 ~ for 12 h to determine the dry weight and moisture content, and then subjected to 550 ~ for a minimum of 3 h to determine the organic matter content as loss-on-ignition. The pH was determined in a soil-water suspension.
Chemical determinations
To determine the cation-exchange capacity, extractions were made with unbuffered 0.1 M BaC12 using a soil : solution volume ratio of 1 : 10. The suspensions were left to stand overnight before being shaken for 1 h and then filtered. Elemental concentrations of Ca, Mg, K, and Na were determined from the soil extracts using an inductively coupled plasma emission spectrophotometer (ICP-AES, ARL 3580). Exchangeable acidity was determined from the BaC12 extracts by titration with 0.05 M NaOH to pH 7. The cation-exchange capacity was calculated as the sum of extractable base cations plus exchangeable acidity and is expressed in centimoles (1 cmol kg -~ = 1 mEq 100 g-~ soil). The degree of base saturation was expressed as a percentage of the cation-exchange capacity. Total organic C and N were determined by dry combustion (Leco CHN-600) after the destruction of possible carbonate-C by adding HC1 (10%). HC1 was added dropwise but no effervescence was observed; subsequently, the samples were dried at 70 ~ The extractable C was obtained from unfumigated samples as reported for the microbial biomass determination (see below).
Biological determinations
The biological determinations were carried out after storing the soil at 4~ for 7 days. Microbial biomass C was determined by the fumigation-extraction method (Vance et al. 1987) . The filtered (0.22 gm Millipore filter) 0.5M K2SO4-extractable C from the chloroform-fumigated samples minus that from the unfumigated controls (Cf; expressed as g g-I dry soil) was converted to microbial biomass C (MBC) using the equation: MBC = 1.9 Cf+428, derived from Martikainen and Paloj~rvi (1990) . The determination was performed in all the soil samples without replication, but repeated within 2 days on fresh samples. The extractable C was measured on a Shimadzu TOC-5000 total organic C analyzer.
Fungal biomass was measured using the ergosterol method (modified from Grant and West 1986 ). For the ergosterol extraction, 0.25 g (wet weight) fresh soil, with 7-dehydrocholesterol added (50 gl 0.91 gg ~t1-1 solution in methanol) as an internal standard, was extracted with 2 ml methanol, vortexed, and centrifuged for 10 rain at 3000 rpm. The supernatant was removed and the remaining soil washed twice with the same volume of methanol. To the combined methanol supernatants, 0.2 ml 4% KOH (in 96% ethanol) per ml of methanol was added and the solution was incubated for 30 rain at 80 ~ Distilled water and hexane (2 ml each) were then added and the hexane phase separated. After a repeated hexane extraction the combined hexane phases were dried under N 2. The extracted sterol material was dissolved in 500~tl acetonitrile (Fissons FSA supplies, Sigma) and analyzed by high performance liquid chromatography with a LiChrosorb RP C 18 column, and ergosterol was detected at 282 nm. Hexane-isopropanol-acetonitrile (5 : 5 : 90) was used as a carrier. All chemical solvents were of high performance liquid chromatography grade. The determination was performed on all the soil samples without replication, but repeated within 2 days on fresh soil.
The production of CO 2 (basal respiration) was measured by gas chromatography on duplicate 2.5-g samples of fresh humus. The samples were adjusted to 60% water-holding capacity and maintained at 14~ in a 125 ml glass bottle. The bottles were pre-incubated at 4 ~ for 3 days before they were capped and analyzed after 48 h. The same analysis was repeated on field-moist soil. Substrateinduced respiration was measured generally according to Anderson and Domsch (1978) , using three replicate humus samples. Fieldmoist soil samples (2 g dry weight) were pre-incubated in 125-ml glass bottles at 14~ overnight. The bottles were placed in a 22~ water bath, and after 1 h a glucose solution was added to give a soil moisture content of 60% water-holding capacity and a glucose concentration of 20mgm1-1 soil water. After a 2-h incubation at 22~ the CO 2 production was measured on a Varian 3600 gas chromatograph equipped with a TC detector and a Megapore GS-Q column. Injector, oven, and detector temperatures were 120, 30, and 150~ respectively. To calculate the metabolic quotient (qCO2; expressed as gl CO 2 gg microbial C -1 h-~), the hourly mean CO 2 output from the samples adjusted to 60% water-holding capacity was divided by the unit biomass C of the respective sample. The glucose-induced qCO 2 was calculated the same way except substrateinduced respiration was used for this determination.
The nitrification potential was determined on duplicate samples of field-moist soil, equivalent to 2 g dry weight, which had been adjusted to 60% water-holding capacity and incubated in 125-ml uncapped glass bottles for four weeks at 14 ~ During the incubation the water-holding capacity was adjusted on three occasions. After the incubation period these samples and unincubated frozen control samples were extracted with 40 ml 2M KC1 for 0.5 h, filtered (Schleicher and Schuell 5893 filter paper) and analyzed for NH2 and NO 3 by a flow-injection analyzer (Tecator FIA Star 5020).
Statistical analysis
Two-way analysis of variance followed by Tukey's test was performed on the measured variables to detect the effect of the treatments and the blocks, using the STATISTIX 3.1 (NH Analytical software) statistical program. The variables basal respiration and NH~ required a normal log transformation to meet the assumptions of equally sized variances and normality distribution. A principal-component analysis was also performed on the whole data set (except NH~-) using the SIRIUS program (Kvalheim and Karstang 1987) .
Results
Tables 1 and 2 summarize the results for the treatment means, calculated from the four plots (n = 4) in each treatment and the differences shown by analysis of vari- Tables 3-6 . The humus-layer variables that were statistically significantly influenced by the treatments were pH, moisture, total N, cation exchange capacity, base saturation, microbial biomass C, ergosterol, soil respiration, water-adjusted soil respiration, substrate-induced respiration and the two metabolic quotients, basal and glucose-induced qCO 2. Variables which were not affected by the treatments were organic matter content, organic C, extractable C, and NH] concentration at the time of sampling and at the end of a 4-week laboratory incubation. NO3 was not detected in the soil samples after the incubation period. An ash-induced pH increase from 4.4 to 5.8, compared to the control pH 3.8, was detected with every level of ash application, and the fire treatment raised the humus pH to the same level as in the lowest-dose ash treatment (1000 kg ha-l; Table 1 ). Base saturation reacted in a similar manner to pH, being 35% in the control plots and subsequently rising from 61 to 93% with the three levels of ash application. Both the lowest ash level and the fire treatment had a near identical base saturation of around 61%. No statistical differences in the soil organic matter content, or organic C and extractable C concentrations were seen between treatments, the values being about 80%, 500 mg g-t organic matter and 2.18 mg g-~ organic matter, respectively. The total N concentration in the humus layer dropped with increasing levels of ash application but was significantly different from the control only with the highest ash application, the values being 12.3 and 10.3 mgg -~ organic matter, respectively. Fire treatment did not significantly affect the total N concentration compared to the control which, at 11.9 mg g-~ organic matter was at the same level as in the lowest-dose ash treatment. No clear treatment-dependent variation in the humus NH~-level, ranging between 21.9 and 32.3 gg g-1 organic matter, was observed. The cation-exchange capacity of the lowest-dose ash and the fire treatments was significantly lower (17.6 and 15.9 cmol kg-~ organic matter, respectively) than the control (19.7 cmol kg-1 organic matter), whereas the treatment with ash at 2500 kg hashowed the same cation-exchange capacity and the highTable2 Nitrification potential (gg g-1 organic matter) during a 4-week incubation of ashand fire-treated soils BD, Below detection limit. There were no significant differences between treatments (Tukey's test) See footnotes to Table 3 est level of ash treatment (5000 kg ha-1) showed a significantly higher value (23.8 cmol kg -1 organic matter). The soil moisture at the time of sampling was the only physicochemical variable which did not react identically in the lowest-dose ash and the fire treatment, being around 47~ in the control and all ash treatments but only 22~ in the fire treatment.
Microbial biomass C and fungal biomass responded similarly to the treatments (Table 1 ). The ash applications did not produce a change in microbial biomass C or in fungal ergosterol, which is an indicator of fungal biomass, compared with control values; the two values were around 7500 and 350 ~tg g-1 organic matter, respectively. The fire treatment significantly lowered both the microbial and fungal biomass to about 50~ of the control values. An identical response was seen in soil respiration measured in field-moist soil. In this case the fire treatment caused a sevenfold fall in the respiration rate to a value of 1.8 gl h -1 g-1 organic matter compared with the control or ash treatments, which were around 14 gl h -~ g-~ organic matter. However, adjustment of the soils to a water-holding capacity of 60~ diminished the soil respiration differences between the fire treatment and control so that the respiration rate was only 1.4 times higher in the control than in the fire-treated plots. The ash-fertilized plots were characterized by a higher respiration rate compared with the control but the difference was only signifi- Table 6 Analysis of variance for basal respiration, respiration at respiration (SIR), basal metabolic quotient (qCO2), and metabolic water-holding capacity of 60~ (ReswHc60~0) A2, ash applied at 2500 kg ha ~; A3, ash applied at 5000 kg ha-~; F, fire treatment cant in the highest-dose ash treatment. The glucose-induced respiration reacted in a similar way to the basal respiration (soil at 60% water-holding capacity). The corresponding (glucose-induced) and basal metabolic quotients both gradually increased from the control level with increasing rates of ash application, reaching a maximum in the fire treatment (Table 1) . During the incubation of soil samples at 14~ for 4 weeks, NH~-was consumed but no NO 3 was produced (Table 2) , and there was no detectable nitrification activity in response to any of the treatments.
The first two components in the principal-component analysis of the whole data set explained 69.6% of the total variance. The first component explained 42%, and represented the impact of fire on the properties of the humus layer, separating the fire plots from all the other plots to the right of the origin (Fig. 1) . The second component explained 27.6% of the variation, and represented the im-9 pact of ash fertilization, separating subsequently the three different ash application plots from the controls.
Discussion
The physicochemical measurements (pH, organic matter, moisture, organic and extractable C, total N, NH~, cation-exchange capacity, and base saturation) all showed a clear similarity between the fire-treated plots and those given the lowest dose of wood ash (1000 kgha -1) and clear differences from the controls. The values of all measurements from the fire treatment compared with the lowest-dose ash treatment were not statistically different except for the moisture content of the humus layer at the time of sampling (Table 1) . A principal-component analysis performed using the physicochemical measurements (data not shown) from these two treatments did not result in a separation of the plots. However, inclusion of the biological variables measured resulted in a complete separation of the fire-treated plots from the lowest-dose ashtreated plots, as also seen for the complete data set (Fig. 1) . This was due to differential responses by the measured biological variables in the fire-treated plots and wood ash-fertilized plots.
Compared to control levels, burning caused a 50% decrease in the total microbial biomass and the soil ergosterol content whereas ash fertilization did not alter the soil microbial biomass, as measured by the two methods (Table 1) . Therefore the decrease in microbial biomass observed after fire treatment (Pietik/~inen and Fritze 1993) must have been a direct result of this treatment and not a response to the ash fertilization. Because the response of the soil microbial biomass to wood ash fertilization is not known well enough, comparisons with liming experiments have to be made. The increasing wood ash application did not induce a change in the soil microbial biomass C (fumigation-extraction method) or the fungal ergosterol. Liming increased the microbial biomass when assessed by fumigation-incubation (Carter 1986 ), fumigation-extraction (Badalucco et al.. 1992 , von Liitzow et al. 1992 or by substrate-induced respiration (Illmer and Schinner 1991) in contrast with our results from plots treated with wood ash. However, when microbial biomass C values were calculated from substrate-induced respiration values (Table 1) using the conversion factor from Anderson and Domsch (1978) , a non-significant rise in the substrate-inducible microbial biomass C with increasing ash applications was observed. This suggests that ash fertilization has no effect on chloroformsensitive microorganisms in the biomass but stimulates the substrate-inducible microorganisms. This result is in accord with the finding that after liming or alkaline dust deposition, total bacterial numbers, as assessed by acridine-orange stained microscopic counts, remain unchanged (Biith et al. 1980; Bigtth et al. 1992 ) but the proportion of platable bacteria (colony-forming units) increases (B~t~th et al. 1992) . The soil ergosterol content does not respond to a rise in soil pH induced by liming (Shah et al. 1990; Zelles et al. 1990 ), alkaline dust deposition (Fritze and Biith 1993) , or wood-ash fertilization.
The ergosterol method has not yet been used widely and the ergosterol concentrations reported so far (West et ah 1987; Shah et al. 1990; Zelles et al. 1990; Fritze and B/tilth 1993; range broadly between 0.2 (West et al. 1987) and 320 (control plots in 1Lhe present study) ~tg g-1 dry weight of soil. In the present study, recovery of the internal standard varied from 50 to 60%, and this was taken into account when calculating the amount of ergosterol. The reported variability in ergosterol may be explained by (1) differences in soil properties, e.g., the organic content; (2) differences in the extraction method applied; and (3) differences in the ergosterol content of different fungal populations. The effect of the last factor can be easily estimated by assuming that ergosterol represents about 0-2% of the fungal dry weight (M. Miiller, personal communication). From microscopic measurements, the variation in the soil fungal biomass size is well known (Kjoller and Struwe 1982) .
The soil microbial biomass acts as a sink for nutrients. Microbial biomass C represents about 1-3 %o of soil organic C in arable soils (Anderson and Domsch 1989) . Martikainen and Paloj~irvi (1990) reported a percentage microbial:organic C ratio of 1.19 on the basis of estimates from four different coniferous forest stands. In a study on the recovery of the microbial biomass after prescribed burning, the percentage microbial : organic C ratio increased until the 12th year after the fire, reaching a mean value of 1.3 . In the present study the percentage microbial : organic C ratio was 1.38, 1.42, 1.45, 1.51, and 0.57 for the control, the 1000, 2500, and 5000 kg ha -1 ash treatments and the fire treatment, respectively (calculated from Table 1 ). The drop in the firetreated plots was due to the decrease in microbial biomass. Agricultural ecosystems under C equilibrium are characterized by a constant microbial : organic C percentage (Anderson and Domsch 1986) , which is not universal (Anderson and Domsch 1989) . It is also hypothesized that soils in which the microbial:organic C percentage deviates the characteristic constant are either losing or accumulating C (Anderson and Domsch 1986) . In limed forest soils Badalucco et al. (1992) found that the microbial : organic C ratio did not reach 2%0, which they considered valid for forest soils in equilibrium. estimated that 1.3 %o did not represent an equilibrium value for Scots spine stands. It is questionable whether there is a microbial : organic C equilibrium in the forest ecosystem at all, since non-tropical forests seem to be a C sink in the global C cycle (Kauppi et al. 1992) .
The forest fire treatment decreased soil respiration in field-moist soil by 86% compared to the control plots. Adjusting the soil moisture to 60% water-holding capacity resulted in a decrease of only 28%. Ash fertilization induced the opposite reaction; the soil respiration on fieldmoist soil increased non-significantly with increasing applications of ash. Adjusting the soil moisture resulted in a significant increase in respiration from soil treated with the highest rate of ash application compared to the controls, and a similar result was obtained for substrate-induced respiration. Raison and McGarity (1980) compared the separate and combined effects of straw-ash fertilization and heat exposure (not fire) on soil respiration in a laboratory experiment. Their results showed that both the ash fertilization and the heat exposure, separately and combined, induced higher soil respiration rates. Thus the lowered soil respiration in the fire treatment of the present study was due to the fire effect itself and not to the resulting ash deposition on the soil. The main factor driving soil respiration in our study, beside the availability of energy substances, was soil moisture. A similar conclusion was drawn by Wardle and Parkinson (1990) and by Zelles et al. (1987) . The increase in soil respiration due to woodash fertilization may indicate faster mineralization of organic material (Weber et al. 1985 ). This conclusion is supported by a reduced concentration of total N in the plots with the highest rate of ash (Table 1) . Thus wood-ash fertilization in a dry Vaccinium sp. type site in a pine stand seems to increase the turnover of nutrients without immobilization into the microbial biomass.
The metabolic quotient qCO 2 is a measure of microbial respiration per unit biomass. The qCO 2 increased with increasing applications of ash and was highest in the fire-treated plots (Table 1) . Increased qCO 2 values are observed after liming (Badalucco et al. 1992 ) and prescribed burning ) of forested sites. Higher qCO 2 values were shown to be characteristic of young topsoil layers in a soil chronosequence (Insam and Domsch 1988; Insam and Haselwandter 1989) , perhaps related to the ecosystem succession. Insam and Haselwandter (1989) suggested that the change in qCO 2 is related to simple substrate-decomposer relationships dominated by fast-growing r strategists. As the succession proceeds, detritus foodwebs become more complex and slower-growing specialists, the K strategists, occupy various niches. The rise in the metabolic quotient in the present study was not correlated with soil-extractable C (Table 1) and thus extractable C by itself does not explain the observed phenomena. Our results do not indicate whether the observed rise in the qCO 2 of the ash-fertilized and fire-treated plots was due to the quality of the organic matter and/or differences in soil microflora. However, other investigations have shown changes in the microfungal species community after fire (Bisset and Parkinson 1980) and wood-ash fertilization (Bgt~th and Arnebrant 1993) . In further work we hope to characterize the soil organic matter of the experiment by infrared analysis and to relate the information obtained to the structure of the soil microbial community.
No nitrification was observed after a 4-week laboratory incubation in the ash-fertilized and fire-treated plots (Table 2) . Martikainen (1984) found that sporadic (not on all sampling occasions) nitrification occurred in woodash fertilized pine stands in Calluna and Myrtillus spp.
type sites after a 6-week laboratory incubation. In these fertilization experiments, the net nitrification was in general higher in the Myrtillus than in the Calluna sp. type site. Net nitrification was observed in the soil of a Myrtillus sp. type site under spruce 2 years after a prescribed burning, using a 4-week incubation time (H. Fritze, unpublished data). Net nitrification seems to be correlated with site fertility.
In conclusion, the decreases in soil microbial biomass and respiratory activity in the fire-treated plots were due to a fire-induced effect and not to the resulting deposition of a fertilizing ash layer. It seems that the moisture of the humus layer controls the size of the microbial biomass and its activity for a certain time after fire.
